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Available online 27 February 2016Distributed over the ~2.3 m.y. history of the alkaline and compositionally diverse Mount Taylor Volcanic Field
(MTVF), New Mexico is a widespread texturally distinct family of differentiated basalts that contain resorbed
megacrysts (up to 3 cm) of plagioclase, clinopyroxene, and olivine± Ti–magnetite ± ilmenite± orthopyroxene.
These lavas have gabbroic cumulate inclusionswithmineral compositions similar to themegacrysts, suggesting a
common origin. Gabbroic andmegacrystic clinopyroxenes form positive linear arrays in TiO2 (0.2–2.3 wt.%) with
respect to Al2O3 (0.7–9.3 wt.%). Plagioclase (An41–80) from representative thin sections analyzed for 87Sr/86Sr by
laser ablation ICP-MS range from 0.7036 to 0.7048. The low 87Sr/86Sr plagioclases (0.7036 to 0.7037) are associ-
atedwith high Ti–Al clinopyroxenes. Likewise, the higher 87Sr/86Sr plagioclases (0.7043 to 0.7047) are associated
with the low-Al clinopyroxenes. Taken together, the pyroxene and plagioclase megacrysts appear to track the
differentiation of a gabbroic pluton (or related plutons) from alkaline to Si-saturated conditions by fractional
crystallization and crustal assimilation. Clinopyroxene-liquid geobarometry calculations suggest that crystalliza-
tion occurred near the crust–mantle transition at an average of ~1200 °C and 12–13 kbar. The distribution of the
megacrystic pyroxene basalts suggests that a gabbroic intrusive body underlies subregions of theMTVF that have
generated silicic magmas. The gabbro is interpreted to be a signiﬁcant heat and mass input into the lower crust
that is capable of driving the petrogenesis of diverse silicic compositions (through fractionation and crustal as-
similation), including mugearites, trachytes, trachy-andesites and dacites, high-Si rhyolites, and topaz rhyolites
of the MTVF.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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NewMexico1. Introduction
The heat andmassﬂux ofmaﬁcmagmas injected into and/or accumu-
lated in the lower crust is thought to drive the formation and evolution of
intermediate and silicicmagmas (e.g., Hildreth, 1981; Annen et al., 2006).
At large, long-lived volcanic ﬁelds, petrologic models of fractional crystal-
lization of common parental maﬁc magma(s) with or without crustal as-
similation has beendemonstrated to link compositionally diverse evolved
magmas (e.g., Dungan et al., 2001; Grunder et al., 2006). It is rare, howev-
er to have direct access to the crystalline products of these igneoust), cschrade@bowdoin.edu
r),
edu (J.A. Wolff),
. This is an open access article underprocesses except at tectonically exhumed sections of lower crust, such
as ophiolites (e.g., Korenaga and Kelemen, 1997) and exposures of arc
lower crust (e.g., DeBari and Coleman, 1989;Walker et al., 2015). Lacking
such exposures, inclusions of crustal cumulates and associated partially
resorbed megacrysts (also termed antecrysts; Bacon and Lowenstern,
2005; Davidson et al., 2007) in maﬁc magmas may provide a window
into the deep crustal staging area of individual silicic centers.
The compositionally diverse (basanite to high silica rhyolite, includ-
ing both nepheline- and hypersthene-normative basalts) Mount Taylor
Volcanic Field (MTVF) in northwestern NewMexico is an ideal location
to examine the crystalline products of deep crustal igneous processes
(Fig. 1). Here, a texturally distinct subset of evolved alkali basalts con-
taining gabbroic cumulate inclusions and partially resorbed pyroxene
and plagioclase megacrysts (0.5–3 cm; Fig. 2) are widespread in areas
of the volcanic ﬁeld that have generated silicic magmas. We hereafter
refer to these as megacrystic pyroxene basalts. We present whole rockthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Generalized geologic map of the MTVF with ﬁve main subregions and megacrystic pyroxene (px) basalt sample locations.
Mapping is based on this study, Goff et al. (2010), Perry et al. (1990), and Crumpler (1980).
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line debris tracks the differentiation of parental alkaline basaltic
magmas to more silica-saturated compositions in the deep crust. The
megacrystic pyroxene basalts apparently sample gabbroic sills that un-
derlie theMTVF and represent a commonmass and heat source relating
diverse silicic magmas.
2. Geologic setting
The MTVF (Fig. 1) lies on the southeastern margin of the Colorado
Plateau along the Jemez Lineament, an 800 km-long, northeast-Fig. 2.A.Gabbroic inclusion inmegacrystic pyroxene basalt fromGrants Ridge cone. Hammerhea
inclusion from MC Gate ﬂow with megacrystic clinopyroxene (cpx) and plagioclase and ﬁner gtrending array of Late Cenozoic volcanism. Thought to coincide with a
Paleoproterozoic suture zone between the Mazatzal island arc terrane
and the Yavapai proto-North American Continent, the Jemez Lineament
represents a zone of weakness in the continental lithosphere where
mantle melting and magmatism is focused (Shaw and Karlstrom,
1999; Magnani et al., 2004). Extension and scattered alkaline to tholei-
itic basaltic volcanism along the 1000-km long, north-trending Rio
Grande rift 10–30 km east of MTVF has been active since 25–30 Ma
(Cordell, 1978; Morgan et al., 1986).
Active from ~3.7 to 1.26 Ma (Hallett et al., 1997; Goff et al., 2008;
Goff et al., 2010) and covering ~1700 km2, the MTVF is subdividedd is 4 cmacross. B. Resorbedplagioclase (plag)megacryst fromCerro Colorado. C. Gabbroic
rained intercumulous plagioclase hosted by aphyric groundmass (gm).
Fig. 3. Whole rock elemental variation diagrams for the MTVF. Megacrystic pyroxene
basalts are indicated with a yellow star. A. Total alkali vs. SiO2 with igneous classiﬁcation
(tb trachybasalt; tba trachybasaltic andesite). B. CaO/Al2O3 vs. MgO.
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distinct silicic magmas (Fig 3A).
(1) Mount Taylor itself is a large, compositionally diverse, composite
volcano (basanite to crystal-rich rhyolite) with parasitic basaltic
vents dotting its ﬂanks (~23 km3 main cone; ~3.64 to 1.26 Ma;
Perry et al., 1990; Fellah, 2011; Goff et al., 2010; Crumpler and
Goff, 2013).
(2) Grants Ridge is constructed of crystal-poor topaz rhyolitic ignim-
brite and coulees (5–6 km3; 3.26 Ma) characterized by high
abundances of F and lithophile trace elements (e.g., Be, Li, Rb,
Cs, Nb, Y), and a later basaltic scoria cone (3.2 Ma; Perry et al.,
1990; Keating and Valentine, 1998; Goff et al., 2008).
(3) Mesa Chivato is a plateau of basanites/alkali basalts to hawaiites
with sodic benmoritic to trachytic domes and coulees (20–
25 km3; ~3.3 to 2.5 Ma; Crumpler, 1980).
(4) The volcanic necks of Rio Puerco valley are basanitic/alkali basal-
tic to trachybasaltic in composition (~2 km3; 3.36 ± 0.06 to
2.56 ± 0.02 Ma; Hallett et al., 1997; Perkins et al., 2006;
Porreca et al., 2006). Rio Puerco magmas contain abundant
mantle peridotite and rare gneissic crustal xenolith inclusions,
but do not contain gabbroic megacrysts.
(5) Mesa Prieta erupted ~0.6 km3 tholeiitic basalts (2.36 Ma to
2.05 Ma; Hallett et al., 1997). The subalkaline composition
suggests that it may not be related to alkaline MTVF volcanism
and is consequently not considered further.
Megacrystic pyroxene basalts are found distributed throughout
the Grants Ridge, Mount Taylor, and Mesa Chivato region of theMTVF (Fig. 1) but are lacking in the Rio Puercomagmas - notably
coinciding with the occurrence of silicic magmas.
3. Analytical methods
As part of a broader petrologic survey of the MTVF, samples from 8
separate volcanic vents of megacrystic pyroxene basalt were collected
(9 total of 125 total samples, of which 36 were basaltic; Fig. 1). X-ray
ﬂuorescence (XRF) was conducted on 8 of these samples by the
GeoAnalytical Lab at Washington State University using a ThermoARL
XRF Advant'XP sequential XRF. Samples were prepared and analyzed
using methods from Johnson et al. (1999). Whole rock XRF analyses of
the pyroxene basalts are presented in Table 1. Sample #MT-10-68
from a small basaltic agglutinate vent near theMt. Taylor summit (Sum-
mit vent; 1) was not analyzed by XRF due to its highly altered ground-
mass, although its pyroxene and feldspar megacrysts are relatively
unaltered.
Electron ProbeMicro-Analysis (EPMA) of feldspar, pyroxene, olivine,
and opaque (spinel and ilmenite) grains in 6 representative polished
thin sections were analyzed using the JEOL 8900 Superprobe at the
Smithsonian National Museum of Natural History and JEOL 8500F ﬁeld
emission electron microprobe at Washington State University (WSU).
Representative mineral compositions and analytical conditions are pre-
sented in Table 2a, 2b, 2c, 2d.
Four polished sections were analyzed for 87Sr/86Sr in plagioclase
feldspar using the Finnigan Neptune MC-ICP-MS and New Wave
UP213 laser in the GeoAnalytical Laboratory at Washington State Uni-
versity, using the method of Ramos et al. (2004). The data reduction of
Ramos et al. (2004) was simpliﬁed to exclude interference corrections
for doubly-charged heavy rare earth element ions, which are present
at negligible abundances in plagioclase. Strontium concentrations in
the feldspars are ~900 to 1800 ppm, yielding signal strengths for 88Sr
of 4.3–8.2 V. Results are presented in Table 3.
4. Results
4.1. Basalt petrography and whole rock compositions
Megacrystic pyroxene basalts represent 25% of the basaltic samples
collected from the MTVF and contain ≪1 to 20% megacrysts (0.5 to
3 cm) of resorbed and/or sieve texture augite and plagioclase feldspar±
olivine (Fig. 2A, B). One exception is a sample from an unnamed scoria
cone onMesa Chivato (#MT-10-100), which containsmegacrysts of au-
gite and olivine only. The megacryst mineral assemblage also includes
ilmenite + titanomagnetite ± orthopyroxene, ±biotite ± spinel ±
trace apatite included in feldspar. Megacrysts are distinguished by
their relative size and resorbed grain boundaries, whereas phenocrysts
are euhedral and are in apparent equilibrium with the surrounding
groundmass.
Several samples also contain gabbroic inclusions with ortho- to
adcumulate plagioclase, augite, Ti–magnetite, ilmenite, ±olivine, ±
orthopyroxene, ±rare biotite, ±trace apatite included in feldspar. In
some instances, the intercumulusmaterial consists of 100–200 μmplagio-
clase laths, opaque Fe-oxides, and interstitial glass and was apparently
still partly molten when the inclusion was picked up by the transiting
magma (Fig. 1C). The association, similarity of grain size, andmineral con-
tent (and compositions; next section) of themegacrysts and the cumulate
inclusions indicates that the megacrysts are disaggregated cumulates.
Bulk elemental compositions of the megacrystic pyroxene basalt
samples indicate that they are relatively evolved basalts to basaltic
trachyandesites (Fig. 3A) with Mg# 40 to 54 (Mg# =XMgO/
(XMgO+XFeO)×100, assuming FeO is 0.85FeO*). Compositions vary
from nepheline to hypersthene-normative (Table 1). The
megacrystic pyroxene basalts plot along the main array deﬁned by
Table 1
Whole rock compositionsa and CIPW norms of MTVF megacrystic pyroxene basalts.
Grants Ridge Mount Taylor Mesa Chivato
Sample # MT-10-60 A MT-10-56 MT-10-72 MT-10-74 MT-12-112 MT-12-113 MT-10-58 MT-11-100
Loc. Descr. GR cone Southern Px basalt Cerro Colorado La Jara Mesa Cerro Pelon Cerro Pelon dike MC Gate Late Scoria cone
wt.%
SiO2 47.42 48.42 48.03 48.61 52.19 52.07 47.04 46.18
TiO2 3.14 2.92 3.40 2.77 2.55 2.61 3.07 3.25
Al2O3 15.87 15.91 16.39 16.31 17.13 17.34 16.01 15.25
FeO* 12.66 11.55 12.72 12.02 10.21 10.46 12.41 12.00
MnO 0.18 0.17 0.18 0.18 0.18 0.17 0.18 0.17
MgO 6.33 6.43 5.20 5.24 3.67 3.36 6.23 7.71
CaO 8.86 8.77 8.46 8.61 6.23 6.13 8.95 9.62
Na2O 3.70 3.66 3.63 3.93 4.90 4.92 3.80 3.37
K2O 1.21 1.47 1.34 1.46 2.11 2.12 1.40 1.65
P2O5 0.65 0.70 0.65 0.86 0.84 0.82 0.92 0.80
ppm
Ni 75 95 41 66 7 7 65 119
Cr 92 139 43 95 0 0 127 200
Sc 21 20 19 21 12 13 18 21
V 246 221 220 106 112 118 214 237
Ba 436 495 601 547 745 870 759 609
Rb 20 26 22 19 37 34 22 30
Sr 673 709 695 674 789 807 848 841
Zr 206 236 221 235 294 293 196 240
Y 29 29 31 31 34 37 27 28
Nb 36.6 42.1 40.3 37.7 50.0 49.9 38.9 51.2
Ga 22 21 22 22 21 21 20 22
Cu 41 48 25 19 14 11 40 47
Zn 122 115 125 120 123 126 109 109
Pb 2 3 2 1 7 3 3 2
La 25 36 33 32 45 49 38 40
Ce 59 72 68 72 93 92 76 80
Th 2 3 3 5 6 6 3 5
Nd 33 37 37 42 46 48 41 40
U 0 1 3 0 2 1 1 3
Cs 3 2 1 0 2 0 0 0
CIPW (wt.%)b
qz
pl 50.4 52.1 55.1 53.3 59.9 60.5 48.3 40.6
or 7.1 7.1 7.9 8.6 12.4 12.5 8.3 9.7
ne 2.1 1.0 1.3 3.4 5.1
di 13.6 13.4 11.0 12.0 5.7 5.1 13.0 17.0
hy 0.5 0.9 0.7
ol 16.3 16.4 14.6 14.7 11.9 11.9 16.1 16.7
il 5.9 5.5 6.4 5.3 4.8 5.0 5.8 6.2
mt 3.1 3.0 3.1 2.9 2.5 2.5 3.0 2.9
ap 1.5 1.5 1.5 2.0 1.9 1.9 2.1 1.9
a Major element oxides recalculated to total 100%.
b CIPW norms calculated where Fe3+/Fetotal = 0.15. Abbreviations are qz quartz, pl plagioclase, or orthoclase, ne nepheline, di diopside, hy hypersthene, ol olivine, il ilmenite, mt
magnetite, ap apatite.
Table 2a
Representative compositions of plagioclase megacrysts and inclusions.
Sample # MT-10-60BX2a MT-10-60BX2a MT-10-60CX1a MT-10-60CX1a MT-10-68b MT-10-56b MT-10-56b MT-10-74b MT-10-58a MT-10-58
Loc. GR GR GR GR Summit Southern Southern La Jara MC Gate MC Gate
Type Ol incl.
core
Ol incl.
rim
Opx incl.
core
Opx incl.
rim
Megacryst
core
Megacryst
core
Megacryst
rim
Megacryst
rim
Megacryst
core
Megacryst
rim
SiO2 53.56 53.37 55.38 51.92 59.00 50.49 51.61 51.77 57.39 56.59
TiO2 0.04 0.08 0.03 0.09 0.13 0.08 0.14 0.14 0.04 0.03
Al2O3 30.24 30.01 29.04 31.32 23.41 29.53 28.74 28.64 25.97 27.76
FeO 0.36 0.43 0.37 0.65 0.58 0.42 0.84 0.84 0.32 0.30
MgO 0.06 0.04 0.05 0.05 0.06 0.04 0.03 0.04 0.05 0.06
CaO 12.14 11.96 10.48 13.46 5.99 13.11 12.02 12.16 8.02 9.57
Na2O 4.55 4.46 5.38 3.92 6.57 4.08 4.62 4.45 6.49 5.68
K2O 0.36 0.37 0.37 0.24 2.00 0.25 0.28 0.34 0.77 0.57
SrO 0.20 0.20 0.25 0.21 0.26 0.27
Sum 101.51 100.92 101.34 101.86 97.75 98.25 98.46 98.47 99.30 100.81
An 73.7 73.8 67.3 78.5 45.7 77.3 73.5 74.2 55.9 63.6
Or 1.3 1.4 1.4 0.8 9.1 0.9 1.0 1.2 3.2 2.2
Signiﬁcance of italics in the table represent the mineralogical composition, rather than the chemical composition.
a Analyses were conducted at WSU with 10 μm beam with voltage at 15 kV and beam current at 30 nA. Standards used include labradorite, Kakanui anorthoclase, orthoclase.
b Analyses were conducted at Smithsonian with 1 μm beam with voltage at 15 kV and beam current at 20 nA. Standards used include W-glass, K-Hornblende, San Carlos olivine, di-
opside, spinel, bytownite.
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5M.E. Schmidt et al. / Journal of Volcanology and Geothermal Research 316 (2016) 1–11the MTVF in variation diagrams, such as CaO/Al2O3 vs. MgO (Fig. 3B),
and are consistent with clinopyroxene fractionation. There is no bulk
chemical indication, such as enrichment in Al, Sr, or Sc relative to
other MTVF samples, which would otherwise suggest accumulation
of plagioclase feldspar or pyroxene.
4.2. Mineral compositions
Corroded (e.g., Fig. 2B) and sieve-textured plagioclase megacrysts
vary from An46 to An79 with signiﬁcant overlap from sample to sample
(Table 2a). Reverse zoning of the feldspars is as common as normal
zoning. One megacrystic pyroxene basalt sample from a small, aggluti-
nate basaltic vent near the Mount Taylor summit includes feldspar
with alkali-rich rims (up to Or31). Minor alteration is observed in a
few feldspars, particularly in the summit vent sample, and corresponds
to low analytical totals (b98.5%; Table 2a).
Two cumulate inclusions with different mineral assemblages (oliv-
ine-bearing, lacking orthopyroxene and orthopyroxene-bearing, lacking
olivine) sampled from the same lava ﬂow that erupted from the Grants
Ridge scoria cone (GR cone) represent near endmembers in the range of
observed maﬁc mineral compositions of the megacrystic pyroxene ba-
salts. The olivine grains in the olivine-bearing inclusion are Fo71–72
and are at the high end of the range observed among resorbed olivine
crystals (Fo57–75) in the megacrystic pyroxene basalts (Table 2c). The
orthopyroxenes in the orthopyroxene-bearing inclusion have reaction
rims enriched in Ca, Fe, and K (Fig. 4) that indicate disequilibrium
with the host alkali (ne normative) basalt; the orthopyroxenes must
have crystallized from a basaltic melt richer in silica.
Clinopyroxene compositions (Table 2b) deﬁne a linear array in Al2O3
variation diagrams (Fig. 5), varying from 0.7 to 9.3 wt.% Al2O3. The
continuity of the array suggests related petrogenesis of pyroxene
megacrysts sampled from dispersed locations around the MTVF.
The array is unlike the ﬁeld deﬁned by pyroxene compositions deter-
mined for mantle peridotite xenoliths (lherzolites, wehrlites, and
clinopyroxenites) from the MTVF, which have lower TiO2 at a given
Al2O3 composition (Fig. 5A) and together with the feldspar association
suggests a crustal origin. Pyroxenes from the GR cone olivine-bearing
inclusion (blue diamonds, Fig. 5) range to the high Al, Ti, and Na end
of the array and imply crystallization from a Si-poor alkaline basalt (Le
Bas, 1962). At the other end of the array are low Al clinopyroxenes of
the GR cone orthopyroxene-bearing inclusion (red squares, Fig. 5),
which are consistent with crystallization from a more Si-rich basalt.
4.3. 87Sr/86Sr of plagioclase megacrysts
While there is overlap from sample to sample among the feldspar
elemental compositions, Sr isotopic ratios provide insight into the
character of the magmatic contributions to the MTVF. The feldspars
analyzed (An41–80) are Sr-rich with 900 to 1800 ppm Sr (whole
rocks contain 673–850 ppm Sr). The overall range in 87Sr/86Sr deter-
mined for feldspars in representative megacrystic pyroxene basalt
samples is 0.7037 to 0.7047 (±approx. 0.0001) (Fig. 6A; Table 3).
Feldspars associated with the most aluminous clinopyroxenes have
the lowest 87Sr/86Sr (olivine-bearing inclusion from Grants Ridge
Cone), while feldspars associated with low-Al clinopyroxenes have
the highest 87Sr/86Sr (orthopyroxene-bearing inclusion from Grants
Ridge Cone; Figs 5 and 6).
5. Discussion
The MTVF is unusual in that it has produced a diversity of magma
compositions (nepheline- to hypersthene-normative, basanite to high
Si rhyolite), while other surrounding Cenozoic volcanic ﬁelds,
including Zuni-Bandera and Lucero are restricted to basalt (Menzies
et al., 1991; Baldridge et al., 1987). Like theMTVF, the surroundingﬁelds
have generated both alkaline and tholeiitic magmas, but they did not
Table 2c
Representative compositions of olivine megacrysts and inclusions.
Sample # MT-10-60BX2 MT-10-60BX2 MT-10-56 MT-10-56 MT-10-58 MT-10-58
Loc. GR GR Southern Southern MC Gate MC Gate
Type Ol incl. Ol incl. Megacryst Megacryst Megacryst Megacryst
SiO2 38.00 37.56 37.85 37.38 38.03 35.70
TiO2 0.02 0.06 0.04 0.04 0.02 0.02
Al2O3 0.04 0.04 0.02 0.03 0.02 0.03
FeO 23.63 24.70 23.99 26.63 23.74 36.09
MnO 0.29 0.31 0.28 0.37 0.30 0.67
MgO 37.31 36.78 36.80 34.92 37.67 27.60
CaO 0.20 0.17 0.17 0.21 0.19 0.17
Na2O 0.02 0.02 0.02 0.02 0.04 n.d.
NiO 0.05 0.10 0.04 0.05 0.08 n.d.
Cr2O3 n.d. n.d. 0.09 n.d. 0.01 0.03
V2O3 n.d. 0.04 0.06 n.d. 0.12 n.d.
Sum 99.49 99.74 99.33 99.50 100.21 100.23
Fo 73.3 72.2 72.8 69.5 73.4 57.1
Signiﬁcance of italics in the table represent the mineralogical composition, rather than the chemical composition.
Analyses were conducted at Smithsonian with 1 μm beamwith voltage at 15 kV and beam current at 20 nA. Standards used include W-glass, K-Hornblende, San Carlos olivine, diopside,
spinel, bytownite.
n.d. none detected.
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Megacrystic pyroxene basalts also do not occur in the Rio Puerco subre-
gion of the MTVF (Fig. 1), where extension rates are likely greater,
magma ﬂux rates are signiﬁcantly less, and magmas did not evolve to
intermediate and silicic compositions. In the case of the Zuni-Bandera
ﬁeld abutting MTVF to the west, there is evidence of multiple parental
mantle melts (Menzies et al., 1991; Peters et al., 2008). At the MTVF,
multiple parental magmas are not required to generate the diversity
of observed intermediate and silicic compositions. The following discus-
sion develops arguments that the MTVF megacrystic pyroxene basalts
carry the crystalline detritus produced by deep crustal differentiation
of maﬁc magmas from SiO2-undersaturated to –saturated conditions.
We infer the presence of a gabbroic magma body that underlies the
MTVF and is the residue produced during generation of its intermediate
and silicic magmas.
5.1. Characterizing deep gabbros by megacryst chemistry
Assimilation of a gabbroic cumulate by a basaltic magma is implied
by the megacrystic pyroxene basalts. The plagioclase and pyroxene
megacrysts and gabbroic inclusions display resorbed and sieve textures,
and indicate physical ingestion, disaggregation, and partial melting ofTable 2d
Representative compositions of oxide megacrysts and inclusions.
Sample # MT-10-60BX2 MT-10-60BX2 MT-10-60CX1 MT-
Loc. GR GR GR GR
Type Ol incl. Ol incl. Opx incl. Opx
SiO2 0.01 0.00 0.02 n.d.
TiO2 22.02 52.89 14.96 50.9
Al2O3 2.60 0.08 9.45 0.12
FeO 70.00 39.58 65.12 42.8
MnO 0.59 0.43 0.33 0.58
MgO 2.98 6.58 6.39 5.17
CaO 0.04 0.05 0.02 n.d.
Na2O n.d. 0.01 n.d. n.d.
NiO 0.03 n.d. 0.07 0.03
Cr2O3 0.15 n.d. 1.23 n.d.
V2O3 0.40 0.32 0.19 0.04
Sum 98.8 100.0 97.8 99.7
Ti–mag ilm Ti–mag ilm
Analyses were conducted at Smithsonian with 1 μm beamwith voltage at 15 kV and beam cur
spinel, bytownite.
n.d. none detected, Ti–mag Titanomagnetite, ilm ilmenite.earlier crystalline products (Fig. 2). Because the pyroxene megacryst
compositions form a continuum in TiO2 and Na2O with respect to
Al2O3 (Fig. 5), these basalts likely sampled a common (or related) gab-
broic pluton(s).
The relationship between the megacrysts and other MTVF magmas
is indicated by the feldspar Sr isotopic ratios (Fig. 6A). These values
overlap the range in MTVF maﬁc lavas (basanite to hawaiite) and ex-
tend into the range reported for intermediate magmas (Fig. 6B; Perry
et al., 1990). Our preferred interpretation of the Sr isotopic variations
is that themegacrysts and cumulate inclusions are derived from the in-
trusive complements of the erupted basaltic to intermediate composi-
tion magmas. Alternatively, the plagioclase 87Sr/86Sr signatures could
be derived from low Rb/Sr Proterozoic gabbroic basement with MTVF
basalt-like 87Sr/86Sr. A survey of potential Proterozoic basement litholo-
gies turns up two lithologies from the Taos Range with low enough
87Sr/86Sr to be potentially relevant, including an amphibolite gneiss
(87Sr/86Sr = 0.70274) and garnet amphibolite (87Sr/86Sr = 0.70424;
Wolff et al., 2005). Such an interpretation is unlikely because: 1) thema-
jority of Proterozoic basement lithologies have much higher 87Sr/86Sr
(e.g., Wolff et al., 2005), including a granitic xenolith from MTVF with
87Sr/86Sr of 0.8824 (Perry et al., 1990); and 2) the gabbroic inclusions
lack metamorphic textures and metamorphic minerals such as10-60CX1 MT-10-68 MT-10-74 MT-10-58 MT-10-58
Summit La Jarra MC Gate MC Gate
incl. Megacryst Megacryst Megacryst Megacryst
0.07 n.d. 0.17 n.d.
7 19.51 0.25 14.95 27.38
2.13 55.85 10.15 1.33
0 72.28 13.10 64.73 67.05
0.63 0.42 0.30 0.94
2.90 23.58 7.29 1.80
n.d. 0.03 0.09 0.10
n.d. n.d. 0.03 0.05
0.04 0.17 n.d. n.d.
0.09 1.75 0.16 n.d.
0.07 n.d. 0.40 0.14
97.7 95.2 98.3 98.8
Ti–mag spinel Ti–mag Ti–mag
rent at 20 nA. Standards used include W-glass, K-Hornblende, San Carlos olivine, diopside,
Table 3
87Sr/86Sr of plagioclase in megacrystic basalts, Mount Taylor Volcanic Field.
Sample 87Sr/86Sr ±1σ Comments
Grants Ridge
MT-10-60Bx2.1 0.70360 0.00008 Inclusion, olivine-bearing
MT-10-60Bx2.2 0.70371 0.00009 Inclusion, olivine-bearing (rim)
MT-10-60Bx2.3 0.70368 0.00008 Inclusion, olivine-bearing
MT-10-60Bx2.4 0.70366 0.00008 Inclusion, olivine-bearing (near melt)
MT-10-60Bx2.5 0.70365 0.00008 Inclusion, olivine-bearing
MT-10-60Bx2.6 0.70369 0.00008 Inclusion, olivine-bearing
MT-10-60Bx2.7 0.70373 0.00008 Inclusion, olivine-bearing
MT-10-60Bx2.8 0.70362 0.00008 Inclusion, olivine-bearing (rim)
MT-10-60Bx2.9 0.70375 0.00008 Inclusion, olivine-bearing (rim next to
partial melt vein)
MT-10-60Bx2.10 0.70371 0.00008 Inclusion, olivine-bearing (core)
MT-10-60Bx2.11 0.70368 0.00008 Megacryst (core)
MT-10-60Bx2.12 0.70369 0.00008 Megacryst (rim)
MT-10-60Bx2.13 0.70374 0.00008 Megacryst (core)
MT-10-60Bx2.14 0.70374 0.00008 Megacryst (rim)
MT-10-60Bx2.15 0.70400 0.00008 Phenocryst (500 μm)
MT-10-60Bx2.16 0.70400 0.00008 Phenocryst (300 μm)
MT-10-60Cx1.1 0.70453 0.00008 Inclusion, opx-bearing (core)
MT-10-60Cx1.2 0.70450 0.00008 Inclusion, opx-bearing (rim)
MT-10-60Cx1.3 0.70452 0.00008 Inclusion, opx-bearing (core)
MT-10-60Cx1.4 0.70401 0.00008 Inclusion, opx-bearing (rim)
MT-10-60Cx1.5 0.70451 0.00008 Inclusion, opx-bearing (core)
MT-10-60Cx1.6 0.70461 0.00008 Inclusion, opx-bearing (core)
MT-10-60Cx1.7 0.70475 0.00008 Inclusion, opx-bearing (rim)
MT-10-60Cx1.8 0.70436 0.00008 Inclusion, opx-bearing (rim)
MT-10-60Cx1.9 0.70453 0.00008 Inclusion, opx-bearing (core)
MT-10-60Cx1.10 0.70409 0.00008 Megacryst (core)
MT-10-60Cx1.11 0.70403 0.00008 Megacryst (core)
MT-10-60Cx1.12 0.70416 0.00008 Megacryst (rim)
MT-10-60Cx1.13 0.70391 0.00008 Megacryst (core)
MT-10-60Cx1.14 0.70391 0.00008 Megacryst (rim)
MT-10-60Cx1.15 0.70407 0.00008 Small megacryst (500 μm)
MT-10-60Cx1.16 0.70374 0.00008 Small megacryst (300 μm)
MT-10-60Cx1.17 0.70398 0.00008 Small megacryst (500 μm)
Southern px basalt
MT-10-56pl.1 0.70384 0.00010 Megacryst (core)
MT-10-56pl.2 0.70392 0.00010 Megacryst (rim)
MT-10-56pl.3 0.70400 0.00010 Megacryst (core)
MT-10-56pl.4 0.70390 0.00010 Megacryst (rim)
MT-10-56pl.5 0.70412 0.00010 Megacryst (core)
MT-10-56pl.6 0.70411 0.00011 Megacryst (rim)
MT-10-56pl.7 0.70377 0.00010 Phenocryst (450 μm)
MT-10-56pl.8 0.07378 0.00011 Phenocryst (250 ∗ 150 μm, short traverse)
MT-10-56pl.9 0.70436 0.00010 Megacryst (core)
MT-10-56pl.10 0.70402 0.00010 Megacryst (rim)
Mesa Chivato Gate
MT-10-58pl.1 0.70370 0.00010 Megacryst (core)
MT-10-58pl.2 0.70374 0.00010 Megacryst (rim)
MT-10-58pl.3 0.70390 0.00010 Megacryst core
MT-10-58pl.4 0.70389 0.00010 Megacryst (rim, resorbed)
MT-10-58pl.5 0.70370 0.00011 Phenocryst (300 μm)
MT-10-58pl.6 0.70374 0.00010 Phenocryst (90 ∗ 8100 μm)
MT-10-58pl.7 0.70382 0.00011 Megacryst (core)
MT-10-58pl.8 0.70390 0.00011 Megacryst (core, same pl as above)
MT-10-58pl.9 0.70368 0.00010 Megacryst (core)
Representative feldspar oxide compositions are presented in Table 2a.
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more consistent with an origin cogenetic with the host volcanic rocks.
The relatively high Al contents in clinopyroxenemegacrysts of some
samples (up to 9.4 wt.% Al2O3 in the olivine-bearing inclusion from
Grants Ridge; Fig. 5) point toward fractional crystallization of an alka-
line basaltic magma. The high-Al clinopyroxenes are associated with
the lowest plagioclase 87Sr/86Sr values and are consistent with little or
no assimilation of old crust. Yet, forsterite contents of associated olivine
megacrysts are relatively low (Fo57–74; Table 2c) and indicate that the
parental alkali basaltic magma had experienced some degree of differ-
entiation prior to crystallization of the included megacrysts.Samples with low-Al clinopyroxene megacrysts, including the sum-
mit basalt and the orthopyroxene-bearing inclusion, do not contain ol-
ivine megacrysts (Table 2). These associations are consistent with
crystallization from a basaltic magma that is saturated with respect to
silica (Yoder and Tilley, 1962). The low-Al clinopyroxenes are correlated
with higher 87Sr/86Sr plagioclase (Figs. 5 and 6) and at the Summit vent,
feldspars with alkali-rich rims.
Contrasting Al contents in pyroxenes either indicate that the pyrox-
enemegacrysts formed from compositionally distinct parentalmagmas,
or that the gabbroic magma body evolved to cross the “critical plane of
saturation” (Yoder and Tilley, 1962). Assimilation of an older, more
felsic crustal component by the crystallizing gabbroic system is implied
by the Sr isotopic variability in the feldspars associated with the low Al
pyroxenes (Fig. 6) and provides a mechanism to relate the apparently
dissimilar parental magmas. Moreover, the olivine-bearing and
orthopyroxene-bearing inclusions were found in lavas from the same
scoria cone at Grants Ridge, suggesting a petrogenetic link between
the two magmas. While we cannot rule out the possibility of multiple
parental basalts with differing initial silica saturation, the data support
a simpler scenario of an alkaline parental magma that evolved via vari-
able fractional crystallization and crustal assimilation to a silica saturat-
ed composition. The presence of a gabbroic pluton that records
fractionation and assimilation removes the necessity for multiple
parental basalts feeding the MTVF.
5.2. Thermobarometry
The presence of feldspar is strong indication that the gabbro is
sourced from within the crust. In addition, associated pyroxene
megacryst compositions plot outside the ﬁeld deﬁned by mantle xeno-
liths based on variations in TiO2 and Na2O at comparable Al2O3 (Fig. 5).
Further constraints on the pressure–temperature conditions of crystalli-
zation are provided by clinopyroxene-liquid thermobarometry
(Table 4; Putirka et al., 2003; Putirka, 2008).
While there is textural evidence for thermal disequilibrium and re-
sorption of the pyroxene megacrysts, the bulk basalt compositions do
not indicate signiﬁcant pyroxene accumulation (Fig. 3). Also, 15 out of
66 of the pyroxene EPMA analyses have equilibrium pyroxene-melt
Fe–Mg KD values (KD(Fe–Mg)cpx-liq = 0.28 ± 0.08; Putirka et al., 2003;
Putirka, 2008), which suggests the megacrysts crystallized from a melt
of similar composition to the host bulk rock. Together, these aspects
support our use of the host bulk rock compositions as the liquid compo-
sitions in our calculations (Table 4). Pressures and temperatures
(Table 4; Putirka et al., 2003) calculated from equilibrium
clinopyroxene-liquid pairs range from 3.6 to 14.3 kbar and 1106 to
1205 °C with an average of 12 kbar and 1190 °C (Fig. 7). The average
pressure is consistent with a depth of ~45 km and crystallization at or
near the Moho (~40 km; Wilson et al., 2005).
While it is important not to over-interpret the thermobarometry
calculations, the average pressure and temperature represents our
best guess for the crystallization conditions of the gabbroic intrusion.
Co-crystallization of clinopyroxene and An70 plagioclase at 10–12 kbar
is consistentwith near liquidus phase equilibria experiments on basaltic
melts (Bartels et al., 1991) and petrologic investigations of tectonically
uplifted deep crustal intrusions (e.g., Walker et al., 2015; Claeson and
Meurer, 2004; Lissenberg et al., 2004). The megacrystic pyroxene ba-
salts are therefore signiﬁcant because they apparently sample minerals
that crystallized within the deep crustal root for the MTVF magma
system.
5.3. Duration and volume
Megacrystic pyroxene basalts erupted throughout the history of the
MTVF. The oldest occurrence of megacrystic pyroxene basalt is at the
Grants Ridge cone, where it erupted shortly after the 3.2 Ma Grants
Ridge topaz rhyolite (Goff et al., 2008). The gabbros in theMesa Chivato
Fig. 4. Element maps of orthopyroxene-bearing inclusion from Grants Ridge Cone, MTVF. A. Fe; B. Ca; C. K; D. Na. Reaction rim on orthopyroxene is enriched in Fe, Ca, and K demonstrates
disequilibrium with host magma.
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when included, suggesting that crystallization of the gabbro was on-
going. Sparse pyroxene and plagioclase megacrysts (b1%) are also
found at the site of the last eruption of the MTVF, Cerro Pelon
(1.26 Ma; Goff et al., 2010). The gabbroic magma system therefore
likely persisted in the deep crust for the duration of the nearly
2.5 m.y. lifespan of the MTVF (Hallett et al., 1997; Goff et al., 2008;
Goff et al., 2010).
Over that time, the MTVF erupted roughly 30 km3 of silicic
magma (Crumpler, 1980; Keating and Valentine, 1998; Perry et al.,
1990), or ~12 km3 per m.y. No estimates of error were reported,
but uncertainty associated with these estimates is likely to be ~15
to 25%. Silicic and intermediatemagmas correspond to approximate-
ly twice their volume in crystals at depth (Grunder, 1995), or rough-
ly ~60 km3 at MTVF. In addition, the volume of basaltic magma
needed thermally is roughly twice the volume needed materially
(Grunder, 1995), or ~120 km3. The total amount of basaltic material is
therefore ~180 km3 (~72 km3/m.y.; ±~50%) distributed over and be-
neath the ~1000km2MTVFarea, and corresponds to a sillwith an average
thickness of ~180 m at approximately 45 km depth. The aerial distribu-
tion of such a sill (or sills) would likely overlap the occurrence of
megacrystic pyroxene basalts in regions of the MTVF that have produced
silicic magmas (Fig. 1).
There is no evidence for temporal evolution of this gabbroic magma
body. The oldest megacrystic pyroxene basalt from Grants Ridge cone
contains both olivine- and orthopyroxene-bearing inclusions with con-
trasting pyroxene and plagioclase 87Sr/86Sr compositions. In addition,
resorbed megacrysts included by the youngest MTVF basalt from
Cerro Pelon (1.26 Ma; Goff et al., 2010) may be the products of an
older intrusive event. We cannot distinguish between a single intrusive
event and repeated emplacement of gabbroic magma in the deep crust
on the basis of mineral chemistry.5.4. Role of gabbro in driving silicic magmatism
The MTVF has produced diverse silicic magmas, including nearly
aphyric topaz rhyolite of Grants Ridge (Keating and Valentine, 1998;
WoldeGabriel et al., 1999), crystal-rich trachyandesite to rhyolite of
the Mount Taylor composite cone (Perry et al., 1990; Fellah, 2011),
and the hawaiite–mugearite–benmoreite–trachyte suite of Mesa
Chivato (Crumpler, 1980). Diversity among the MTVF silicic magmas
may be attributed to variations in basement compositions, basaltic
magma ﬂux rates, and rates of extension (Hildreth, 1981; Perry et al.,
1990). Yet in all potential petrologic models, the intrusion and differen-
tiation of a mantle-derived basaltic magma is implied; the megacrystic
pyroxene basalt may represent the key for relating diverse silicic
magmas of the MTVF.
High heat ﬂow associated with intrusion of mantle-derived basalt is
needed to generate one of the earliest MTVF silicic magmas, the 3.2 Ma,
5–6 km3 Grants Ridge topaz rhyolite (Perry et al., 1990). Topaz rhyolites
are thought to form by partial melting of hybridized lower crustal felsic
granulites with both mantle and Proterozoic crustal afﬁnities
(Christiansen et al., 2007), or by anatexis of felsic calc-alkaline crust
(Christiansen et al., 1983). Intrusion of basalt into the lower crust is
thought to be the root cause for either mechanism of topaz rhyolite pet-
rogenesis. At the MTVF, a petrologic link between the deep crustal gab-
broic intrusion and the topaz rhyolite is supported by a spatial and
temporal association of Grants Ridge cone megacrystic pyroxene basalt
with the Grants Ridge rhyolite (Goff et al., 2010).
Maﬁc magmas that have beenmodiﬁed in the lower crust, includ-
ing those that stalled and differentiated and those that picked up a
cargo of megacrysts during their ascents, may contribute to mid to
upper crustal magma reservoirs such as the one that fed the
crystal-rich trachyandesitic to rhyolitic volcanism of Mount Taylor.
Magmas erupted from Mount Taylor itself are crystal-rich,
Fig. 5. Pyroxene variation diagrams for the megacrystic pyroxene basalts. Fields indicate
composition MTVF mantle peridotite pyroxenes xenoliths. A: TiO2 vs. Al2O3, B: Na2O vs.
Al2O3. The continuity of the array in TiO2 and Na2O vs. Al2O3 deﬁned by clinopyroxene
megacrysts from dispersed locations around the MTVF points toward a related
petrogenesis. Note that the Grants Ridge cone orthopyroxene-bearing inclusion contains
clinopyroxene as well. Fig. 6. A. Histogram of
87Sr/86Sr in plagioclase in gabbroic inclusions, and as megacrysts
and euhedral phenocrysts for four representative megacrystic pyroxene basalts.
B. Whole rock 87Sr/86Sr histogram for MTVF basalts and the range in intermediate
magmas (Perry et al., 1990). See text for discussion.
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latite lava ﬂows (Perry et al., 1990) contain up to 50% crystals of alka-
li and plagioclase feldspar that are up to 2.5 cm in length and some
with combined albite–pericline twins typical of slowly cooled
anorthoclase. The last eruptions from Mount Taylor proper were
two biotite–hornblende rhyolitic domes (Fellah, 2011) with 30–
40% crystals. The crystal-rich nature of these extrusive units are con-
sistent with tapping of a mid- to upper crustal magma-crystal mush
reservoir beneath Mount Taylor.
Mesa Chivato is more alkaline than Mount Taylor and Grants
Ridge and includes basanite to trachyte compositions (Fig. 3A;
Crumpler, 1980). Because the magmas are crystal-poor, there is no
evidence for the development of a mid- to upper crustal magma
chamber beneath Mesa Chivato like the one supposed for Mount
Taylor. The Mesa Chivato hawaiite likely formed by fractional crys-
tallization of an assemblage of clinopyroxene, olivine, andminor pla-
gioclase feldspar that is very like the assemblage found in Mesa
Chivato megacrystic pyroxene basalts (Crumpler, 1980; Schrader
et al., 2012). The intermediate and felsic magmas instead likely
formed by assimilation of plagioclase-rich cumulate followed by
fractional crystallization at depth (Schrader et al., 2012). The
megacrystic pyroxene basalts may have tapped the crystalline
byproducts of this differentiation.6. Conclusions
Megacrysts of pyroxene and plagioclase feldspar in evolved
nepheline- to hypersthene-normative basalts of the MTVF are associat-
edwith gabbroic cumulate inclusions and represent disaggregated deep
crustal gabbro. Pyroxene megacryst elemental compositions form a
continuum of composition that range from high- to low-Al concentra-
tions (Fig. 5) and link themegacrysts to a common or related pluton(s).
The pyroxenes are consistentwith crystallization froma basalticmagma
that has evolved from alkaline to silica saturated compositions, likely by
assimilation of old felsic basement lithologies as is suggested by
87Sr/86Sr of plagioclase megacrysts. Thermobarometry calculations sug-
gest that the pyroxene megacrysts formed at ~45 km depth, which is
approximately the depth of the Moho.
Themegacrystic pyroxene basalts apparently sampled a deep crustal
maﬁc sill capable of generating silica saturated and maﬁc intermediate
magmas that may contribute to the genesis of silicic magmas. The aerial
distribution of this sill appears coincident with the distribution of the
megacrystic pyroxene basalts in subregions of the MTVF that have pro-
duced silicic compositions. The pyroxene and plagioclase megacrysts
therefore represent a common deep crustal heat source linking the di-
verse silicic magmatism of the MTVF. Such deep crustal sills may be
Table 4
Clinopyroxene-liquid thermobarometry calculations.a
Clinopyroxene compositionsb Determined pressures and temperatures
Sample # SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O Cr2O3 T(K) P(kbar) T(C ) KD (Fe–Mg)c
MT-10-60Bx2d 47.09 1.56 7.04 9.32 0.17 14.00 19.10 0.71 0.00 0.04 1473.3 12.4 1200.1 0.29
MT-10-56 48.02 1.26 5.61 8.37 0.17 14.50 19.36 0.61 0.01 0.42 1468.3 11.5 1195.2 0.28
MT-10-56 47.53 1.39 5.85 8.48 0.19 14.17 19.21 0.69 0.01 0.27 1474.4 12.3 1201.3 0.29
MT-10-56 49.38 0.66 5.05 7.51 0.17 16.63 17.69 0.62 0.00 0.47 1477.7 11.7 1204.5 0.29
MT-10-56 47.41 1.43 5.39 8.79 0.22 13.66 20.18 0.66 0.00 0.00 1464.6 11.9 1191.4 0.28
MT-10-74 46.94 1.60 7.40 8.13 0.13 13.74 19.31 0.76 0.00 0.29 1451.9 11.0 1178.7 0.28
MT-10-74 46.20 1.77 7.66 8.38 0.28 13.55 18.90 1.32 0.02 0.28 1477.3 14.3 1204.1 0.29
MT-10-74 48.87 0.95 5.85 7.30 0.11 15.97 18.68 0.57 0.00 0.26 1439.3 9.2 1166.1 0.28
MT-10-74 45.00 2.34 8.69 8.93 0.16 12.45 19.90 0.77 0.01 0.06 1452.3 11.1 1179.2 0.28
MT-10-74 44.85 2.41 8.79 8.97 0.13 12.47 20.02 0.80 0.00 0.00 1453.0 11.3 1179.9 0.28
MT-10-58 48.04 2.28 4.29 8.30 0.16 13.43 22.09 0.48 0.01 0.08 1379.8 3.6 1106.7 0.26
MT-10-58 46.45 1.95 7.67 9.00 0.17 12.91 19.75 0.78 0.00 0.00 1469.3 13.4 1196.1 0.29
MT-10-58 46.84 2.14 6.61 7.64 0.12 14.00 21.25 0.45 0.00 0.46 1435.8 9.9 1162.7 0.28
MT-10-58 46.01 2.13 8.34 8.87 0.20 12.83 19.92 0.87 0.00 0.05 1475.1 14.0 1201.9 0.29
MT-10-58 46.14 2.08 8.05 8.87 0.19 12.89 19.70 0.82 0.00 0.00 1473.1 13.7 1200.0 0.29
Average 1463.2 12.0 1190.1 0.28
a Calculated on the basis of Putirka et al. (2003).
b Corresponding whole rock compositions are in Table 1.
c Only clinopyroxenes with the appropriate range in KD values are presented (KD(Fe−Mg)cpx-liq=0.28 ± 0.08). These clinopyroxene-liquid pairs represent 21% of the pyroxene EMP
analyses (14 out of 66) and cover the range of observed crystal contents.
d Corresponding whole rock composition is MT-10-60A (Table 1).
Fig 7. Calculated pressures and temperatures by clinopyroxene-liquid geobarometry
(Table 4; Putirka, 2003). The average pressure represents our best estimate for
conditions of pyroxene megacrysts crystallization.
The depth of the Moho is fromWilson et al. (2005).
10 M.E. Schmidt et al. / Journal of Volcanology and Geothermal Research 316 (2016) 1–11important features of volcanic ﬁelds that have produced diverse differ-
entiated magmas (e.g., Petford and Atherton, 1996; Annen and Sparks,
2002).
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